[1] The Moderate Resolution Imaging Spectroradiometer (MODIS) global land surface temperature (LST)/emissivity products supply daily, 8-day, and monthly global temperature and narrowband emissivity data. This article uses these products to calculate the surface long wave radiation of natural objects such as sand, soil, vegetation, etc., based on the Planck function and the Stefan-Boltzmann law. The results show that using the narrowband emissivity of a single band instead of the broadband emissivity results in large errors of up to 100 W m À2 of the calculated long wave radiation. A method to calculate broadband emissivity in the entire TIR spectral region from the narrowband emissivities of the MODIS bands (29, 31, and 32) in the thermal infrared region is proposed. Using the broadband emissivity, the surface long wave radiation could be calculated to an accuracy better than 6 W m À2 in the temperature region of 240-330 K, with a standard deviation of 1.22 W m À2 , and a maximum error of 6.05 W m À2 (not considering the uncertainty associated with the MODIS LST/emissivity products themselves). The satellite estimated broadband emissivity was compared with 3-year (January 2001 to December 2003) ground-based measurements of emissivity at Gaize (32.30°N, 84.06°E, 4420 m) on the western Tibetan Plateau. The results show that the broadband emissivity calculated from MODIS narrowband emissivities by this method matches well the ground measurements, with a standard deviation of 0.0085 and a bias of 0.0015.
Introduction
[2] The Earth absorbs radiation from the Sun, mainly at the Earth's surface. This energy is then redistributed by the atmosphere and ocean and radiated back into space at longer (mainly infrared) wavelengths. The surface upward long wave radiation is therefore an important component of the surface radiation budget, and an essential parameter of climate and hydrological models [e.g., Washington and Parkinson, 1986] . Knowledge of the spatial and temporal variability of the surface upward long wave radiation on local, regional, and global scales is therefore valuable.
[3] The net long wave radiation at the surface is simply the difference between the upward and downward long wave radiation. There has been a lot of research carried out on estimating the downward long wave radiation (see Ellingson [1995] , Malek [1997] , and Niemelä et al. [2001] for reviews), but relatively little work on calculating the upward component.
[4] The upward long wave radiation may be calculated from the surface temperature and emissivity using the Stefan-Boltzmann law [Ellingson, 1995] . However, it is difficult to obtain the required temporal and spatial distribution of temperature and emissivity to make such estimates. The use of satellite measurements in the thermal infrared appears to be very attractive since they give access to global and uniform estimates of the surface temperature [Kerr et al., 2000] . Land surface temperature and narrowband emissivities can be retrieved simultaneously from narrowband radiance data in the mid-wave infrared (MWIR) and thermal infrared regions (TIR) with instruments such as the Advanced Very High Resolution Radiometers (AVHRR) onboard NOAA satellites [Becker and Li, 1990; Goïta and Royer, 1997] and MODIS and ASTER onboard NASA's Earth Observing System platforms Terra and Aqua [Wan and Li, 1997; Gillespie et al., 1998 ].
[5] The MODIS global LST product (MOD11B1) supplies daily global land surface temperature and narrowband emissivities at 5 km spatial resolution [Wan and Li, 1997] . Given the temperature and narrowband emissivities, problems remain in using them in the long wave radiation calculation.
[6] The Stefan-Boltzmann law is derived from the integration of Planck's function, which relates the radiative energy emitted by a blackbody to its temperature. However, terrestrial material is not blackbody, and the emissivities (the ratio of energy radiated by an object to the energy radiated by a true blackbody at the same temperature) of terrestrial objects are less than unity and show great spectral variation [Nerry et al., 1990; D'Aria, 1992, 1994] .
[7] A logical question to ask is whether the narrowband emissivity and temperature retrieved from satellite data could be used to accurately calculate the surface upward long wave radiation. This article will investigate this and make comparisons with ground-based data from Gaize Automated Weather Station (AWS) on the Tibetan Plateau (32.30°N, 84.06°E, 4420 m). A method for calculating the broadband emissivity from the available narrowband emissivities is also proposed.
[8] The surface upward long wave radiation includes the surface long wave emission and surface reflected atmospheric downward long wave radiation. According to Kirchoff's law, the surface reflectance for long wave radiation is equal to 1 minus the surface broadband emissivity. So the surface reflected downward long wave radiation could be calculated if the surface broadband emissivity is known, given the component of the atmospheric downward long wave radiation.
Method

Basic Theory
[9] The Stefan-Boltzmann law, relating the total radiative energy emitted by a blackbody to its temperature, can be obtained by integrating the Planck function over the entire spectrum,
where s is the Stefan-Boltzmann's constant (5.67
), l is the wavelength (mm), T is the temperature (K), h is the Planck constant (6.63 Â 10 À34 J s), c is the velocity of light (3.00 Â 10 8 m s
À1
), and k is Boltzmann constant (1.38 Â 10 À23 J K). However, most natural objects are not black bodies. In such cases, equation (1) can be written as follows:
where W is the solid angle and the emissivity e(l, q) is viewing angle dependent.
[10] Much progress has been made in understanding the angular effect on surface emissivity in the infrared region [Labed and Stoll, 1991; Lagouarde et al., 1995; Snyder et al., 1997; Jupp, 1998; Sobrino and Cuenca, 1999; Mcatee et al., 2003] . However, this directional effect is highly dependent upon the structure and roughness of the surface [Lagouarde et al., 1995] and, as can be seen from the above references, there is a good deal of disagreement as to its importance, though it is not likely to be a major source of error [Snyder et al., 1997] . Therefore only the spectral variation of the surface emissivity is addressed in this article.
[11] After equation (1), the following equation can be derived for natural objects:
where e w is the broadband emissivity in the entire TIR spectral region,
Here B(T) can be calculated with equation (2) by integrating the Planck function over the whole spectral region, given the spectral emissivity. When e(l, q) is equal to unity, B(T) is equal to B B (T), which can be calculated directly from the Stefan-Boltzmann's law; thus equation (1) and can be used to validate our integration method.
[12] Equations (2) and (3) deal with homogeneous surfaces that have the same temperature and emissivity. Unfortunately, it is very difficult to find a natural surface with the same emissivity and temperature at the satellite pixel scale (approximately 5 km in the case of MODIS LST/emissivity product titled MOD11B1). However, natural surfaces are a combination of many different kinds of materials (trees, grass, soil, etc.) . Under this condition, equations (2) and (3) can be converted to [Becker and Li, 1995; Norman and Becker, 1995] 
where
where f i is the fractional coverage for i type of materials, e i (l) is the spectral emissivity for i types of materials (here the angular effect of surface emissivity is ignored), and T i is the temperature for i types of materials.
Data
[13] Calculating the integration (2) requires measurements of the spectral emissivity. To do this, we selected 130 spectra of surface spectral emissivities in the 3.0-14 mm region from the MODIS UCSB Emissivity Library of the MODIS LST group at University of California, Santa Barbara (UCSB) (http://www.icess.ucsb.edu/modis/EMIS/ html/em.html). The UCSB Emissivity Library comprises the measurements of many kinds of materials, including water, ice, snow, soils and minerals, vegetation (leaf, bark, and grass), and anthropogenic materials (brick, stone, lumber, masonry, pavement, tile, and painted sandpaper). Eleven examples of the spectral emissivities are shown in Figure 1 . The spectral emissivities in the visible and infrared region (l 3.0 mm) from Tong [1990] are also used. Although the emissivities are not obtained from exactly the same objects, this does not cause significant error because the total energy in the visible and nearinfrared region is less than 2% of the whole when the temperature varies between 240 K and 330 K, the temperature range used here.
[14] It is difficult to measure spectral emissivity beyond 14 mm because of the strong atmospheric absorption and weak thermal signals in the long wave TIR region. Salisbury et al. [1991] measured infrared spectra of specially prepared mineral samples in the 2-to 25-mm spectral region with a spectrometer and diffusely reflecting gold sphere system vigorously purged with dry nitrogen, and provided reflectance curves in the 2-to 25-mm region. These measurements were used to obtain information on emissivity in the spectral region of 14-25 mm as follows.
[15] First, the broadband emissivity of 14-25 mm was obtained by [Ogawa et al., 2003] 
[16] Second, this broadband emissivity was simulated as a linear combination of the three band emissivities in the TIR of MODIS,
where e 29 , e 31 , and e 32 are the simulated MODIS band emissivity of band 29, 31, and 32, respectively. Onehundred-eighty-two spectra of Salisbury's emissivity library [Salisbury et al., 1991] were selected to calculate the coefficients of equation (9). The root-mean-square error of the difference between the simulated broadband emissivity by equation (9) and calculated from equation (8) is 0.0059, and the maximum difference is 0.0136. MODIS band emissivities were simulated by
where e i is the narrowband emissivity for band i, s i (l) is the spectral response function for band i (see Figure 2 for the spectral response functions for MODIS bands in the TIR), w i1 and w i2 represent the wavelength range of band i, and T is the temperature (set at 300 K because e i is independent of the temperature).
[17] Third, equation (9) was used to calculated broadband emissivity in the 14-to 25-mm region using data from the MODIS UCSB Emissivity Library. In the integrating process, the simulated broadband emissivities e 14À25 were used for the spectral region 14 -25 mm and beyond 25 mm.
Procedure
[18] To a first order of approximation, most natural objects can be regarded as the combination of several types of materials (see previous section). Therefore, if their long wave emission can be accurately calculated, the upward long wave radiation of any natural object can also be estimated.
[19] If we allow the temperature to vary from 240 K to 330 K in steps of 5 K, and compute the ''actual'' long wave emission using equation (2), then the error E i when the individual band emissivity is used can be calculated from
where i = 29, 31, 32 for the three MODIS bands in the TIR. Using equation (4), the broadband emissivity can be obtained, and then a multiple regression performed to calculate the broadband emissivity from the simulated MODIS band emissivity in the TIR. MODIS LST/ emissivity products give six band emissivities, including the emissivity of band 20 (3.660 -3.840 mm), 22 (3.929 -3.989 mm), 23 (4.020 -4.080 mm), 29 (8.400 -8.700 mm), 31 (10.780 -11.280 mm), and 32 (11.770 -12.270 mm). The former three bands are in the MWIR, and the latter three are in the TIR. Only the bands in the TIR were adopted to calculate broadband emissivity, on the basis of the following considerations: First, the maximum value of long wave radiation of natural objects is in the 8-to 14-mm TIR, so the emissivity in this region has the greatest effect on the total long wave emission. Second, we find that the accuracy of the MODIS derived band emissivities in the MWIR is not as good as those in the TIR. Numerical tests show that the emissivities in the MWIR do not help to significantly reduce the error when included in the calculation of broadband emissivities.
Results
Using Individual Narrowband Emissivity
[20] Figure 3 shows a histogram of the long wave emission error calculated from equation (11) when the emissivity of MODIS band 29 was used. Owing to the low emissivity in the 8-to 10-mm spectral region, especially with soils and stones (see Figure 1) , the long wave emission was underestimated for most materials by as much as 100 W m À2 . When using the narrowband emissivity of the MODIS band 31 (Figure 4 ) and 32 ( Figure 5 ), the calculated errors are much less, but are still larger than 10 W m À2 . Table 1 summarizes the statistical parameters of the error of the calculated long wave emission. Fortunately, Figures 3 -5 and Table 1 show that when different narrowband emissivities are used, the errors associated with the many materials have different signals, which raises the possibility of using a combination of the narrowband emissivities to reduce the overall error.
Using Broadband Emissivity
[21] The broadband emissivity can be obtained from equation (5). Following Ogawa et al. [2003] , a multiple regression can be carried out, where e w is the broadband emissivity, and e 29 , e 31 , and e 32 are the narrowband emissivities of MODIS band 29, 31, and 32, respectively. Table 2 shows the resulting coefficients and statistical parameters, demonstrating the suitability of the regression. To show the influence of the different materials on the coefficients, different coefficients were calculated for different materials (see Table 2 ). The results shown in Table 2 demonstrate that there is no significant difference of the coefficients of different types of materials except for ice, water, and snow. However, the emissivities of these materials are high and less variable. Therefore, using one set of the Figure 5 . Frequency of the error in calculated long wave emission when MODIS band 32 emissivity was used instead of broadband emissivity. Surface temperature varies between 240 K and 330 K. coefficients to calculate broadband emissivities will not result in significant error.
[22] The suitability of equation (12) and the coefficients can be proved indirectly as follows. Although these coefficients are obtained using data that are not from either gray or black bodies, the formula should hold for these cases, which require that the sum of the coefficient in equation (12) be equal to unity. From Table 2 , one can see that this is almost true, with a maximum difference of 0.0019.
[23] Figure 6 shows the histogram of the error in calculated long wave emission when simulated broadband emissivities from equation (12) were used. The errors are greatly reduced, with the largest error being about 6 W m À2 . The results summarized in Table 1 demonstrate the statistical parameters of the error in the calculated long wave emission when different emissivities were used. Table 1 also shows that when using the broadband emissivity from equation (12) the accuracy meets the required accuracy of 10 W m À2 of many ocean climate programs [Ellingson, 1995] .
Comparison With Ground Measurements
[24] The validation experiments of the MODIS LST/ emissivity products show that the LST has a calculated accuracy better than 1 K (1s) and the greatest difference between the ground-based LST measurements and satellite estimate is around 2 K, with an accuracy about 0.01 of the narrow band emissivities in the MODIS LST product [Wan et al., 2002 [Wan et al., , 2004 Wang et al., 2005] . Comparisons of land surface emissivity and temperature derived from MODIS and ASTER were also carried out at two regions: a semi-arid area located in Northern Chihuahuan desert, United States, and a savannah landscape located in central Africa. The comparison results demonstrate that MODIS and ASTER LST retrievals were in good agreement with differences lower than 0.9 K and emissivity retrievals agreed well, with root-mean-square difference ranging from 0.005 to 0.015, and biases ranging from À0.01 to 0.005 [Jacob et al., 2004] .
[25] On the basis of the above knowledge of MODIS LST/emissivity products and the value 0.006 of maximum error in the broadband emissivity in Table 2 , the relative error in the long-wave radiation calculated from the broadband emissivity and MODIS LST will be around Figure 6 . Frequency of the error in calculated longwave emission when modeled emissivity was used instead of broadband emissivity. Surface temperature varies between 240 and 330 K.
i.e., 2.9%, which is smaller than the error of associated with measurements of long wave radiation. Another issue is the different scale of these two data sets: MODIS emissivity retrievals have a scale of 5 km Â 5 km, and ground-based measurements have a scale of several square meters. Therefore the ground-based measurements of long wave radiation are not perfect reference data to validate MODIS broadband emissivity retrieval. However, useful comparisons can be made as one can see whether the satellite estimate of the emissivity deviates greatly from the long time series ground-based measurements, while the difference between the ground-based measurement and satellite estimate of an individual day depends on the error introduced by measurement and retrieval.
[26] Here we used the ground-based measurements of the broadband emissivity at Gaize (32.30°N, 84.06°E, 4420 m) on the western Tibetan Plateau. The land cover is semidesert and with sparse desert weeds (Stipa purpurea and Stipa glaresoa) during the rainy season, from May to June of each year. Soil type is clay with a little sand. The surface around this site is flat and homogenous at a scale of tens of kilometers. Surface albedo measurements of this site were used to successfully validate MODIS land surface albedo products [Wang et al., 2004] .
[27] The surface long wave radiation balance can be described by
[28] The broadband emissivity e g is calculated from
where L u is the upward long wave radiation measured at 1.5 m, L d is the downward long wave radiation measured at 1.5 m, and T s is the land surface temperature measured at the surface. However, equation (14) is sensitive to the error of the measurements of L u , L d , and T s because the differences of these terms are used. Therefore a simplified equation is used,
Physically, the factor f shows the influence of the downward long wave (atmospheric emission) on the upward long wave radiation. Combing equations (13) and (15), the following equation can be derived:
Surface emissivity can be obtained by iteration with equations (15) and (16). The initial value of emissivity in equation (16) is set at 0.95 [Garratt, 1992] . There is no substantial difference between equations (15) - (16) and equation (14). However, equation (16) permits us to use long time averages in order to reduce the random error of the estimate of emissivity. In the iteration process, daily averaged emissivity was used in equation (16).
[29] The surface temperature is measured by a cylindrical shape platinum resistance (Pt) thermometer (measurement range: À50°-50°C; accuracy: <0.5°C) partly buried in the soil. An infrared thermometer (OPTEX Thermo-hunter IK3) is also installed to carry out comparisons with the measurements from the half-buried Pt thermometer. When the air temperature is above 0°C, these two temperature measurements are usually very close. Differences occur when the air temperature is below freezing, which is often the case at Gaize. This is because the infrared thermometer has an operating range from 0°C to 50°C. Therefore only data from the Pt thermometer are used here.
[30] The upward and downward long wave radiation that were used to calculate the surface emissivity were measured by Eko Infrared radiometer (MS-202, spectral range: 3 -50 mm; accuracy: 5%), mounted on a 1.5-m-high horizontal platform. The thermometers and pyrgeometer measure every 5 s from 50:05 to 60:00 once per hour (UTC). The data are then averaged into 10-min bins to reduce noise. Data from January 2001 to December 2003 were used.
[31] Cloud will increase the emissivity calculated from ground measurements (equation (13)) by increasing the downward long wave radiation (L d ). Therefore it is necessary to filter out the cloudy cases of the ground measurements. Here cloud cases were removed by following the clear-sky-index (CSI) method [Marty and Philipona, 2000; Dürr and Philipona, 2004] . This method only requires downward long wave radiation, near-surface air temperature, and air humidity measurements. CSI is defined as the ratio of the measured apparent air emissivity to the corresponding air apparent emissivity under clear sky conditions. Therefore CSI 1.0 means cloud-free conditions, and CSI 1 1.0 equates to a cloudy sky.
[32] Since the surface temperature is measured by a Pt thermometer half buried in the soil, it cannot accurately measure surface temperature when the surface is snow covered. Therefore the snow-covered cases were also removed.
[33] The satellite retrieved broadband emissivity is calculated using the MODIS Land Surface Temperature/ Emissivity Daily L3 Global 5 km SIN Grid (MOD11B1) (version 4) (http://lpdaac.usgs.gov/modis/dataproducts. asp) using equation (12) and the coefficients in the last line of Table 2 . To reduce the angular effect of emissivity, only view zenith angles less than 38°were included. The MODIS retrieved broadband emissivities and the corresponding measurements made by ground-based instruments were averaged to 16-day periods to reduce noise.
[34] Figure 7 shows the time series of MODIS retrieved 16-day-average emissivity and 16-day-average emissivity retrieved from ground measurements (equation (15)) and the MODIS LST product (equation (12)). The comparison procedure is that daily average values were first compared to MODIS retrieved broadband emissivity and then the existing data were averaged into 16-day periods. The ground-measured and MODIS retrieved broadband emissivity are rather stable, which may be because the vegetation cover is very low (see Figure 8 ) and the soil moisture is rather stable except for days after rain has fallen (see Figure 9) .
[35] Vegetation cover is very sparse even during the rainy season. Figure 8 shows the 4-year average of the vegetation indices (NDVI, Normalized Difference Vegetation Index; EVI, Enhanced Vegetation Index) derived from the MODIS vegetation indices product (MOD13A2) around the Gaize AWS site. The annual variation and the absolute value can be used to quantify the vegetation cover. In general, the larger the vegetation indices, the greater the extent of the vegetation cover. Figure 8 shows that the vegetation cover is very small even during the rainy season.
[36] Figure 9 shows that surface soil moisture is very low and less variable in the dry season. Precipitation in the rainy season will increase surface moisture abruptly. Afterward, the soil moisture is evaporated into the atmosphere quickly because of the strong evaporation capability of the atmosphere. Theoretically, surface emissivity will increase slightly due to the increases of soil moisture and vegetation in the rainy season. However, the change in surface emissivity at the Gaize site is smaller than the uncertainties in both the MODIS and ground-measured emissivities on most days because the soil moisture in the top layer is less than 0.5 (V/V) and NDVI < 0.15.
[37] Table 3 summarizes the statistical parameters from the comparison of these two emissivities. We can see that the MODIS broadband emissivities agree with the ground measurements quite well, with a standard deviation of 0.0085, a bias of 0.0015, and a maximum error of 0.0210. The correlation coefficients (which are rather low in 2001 and 2002) are also shown in Table 3 . As the surface emissivity is almost constant, the apparent variation in emissivity may be dominated by random error, resulting in the low correlation coefficient between the surface and satellite retrieved emissivity. The main causes of errors are the mismatch of the time and spatial scales of ground and MODIS measurements and the heterogeneity of the surface around the site. The low bias between the ground-measured and MODIS retrieved broadband emissivity show that there is no systematic error in our formula to calculate broadband emissivity from the MODIS LST/emissivity products.
[38] Our validation experiment shows that the splitwindow algorithm that uses the classification-based emissivity values in bands 31 and 32 produces better land surface temperature (LST) retrieval than MODIS day/night LST algorithm at the Gaize site [Wang et al., 2005] , which is also shown in Figure 7 . However, this does not deny the value of satellite emissivity retrievals. Satellite data are more accurate when the emissivity is not stable; in this situation the guess value may introduce large errors. It should be noted that the narrow-to-broad band conversion itself is important to calculate surface long wave radiation and it is independent of the accuracy of the MODIS LST product.
Conclusions
[39] The MODIS global LST/emissivity products supply global temperature and narrowband emissivity data at daily, 8-day, and monthly time intervals. This paper demonstrates how to use these products to estimate the surface long wave emission and broadband emissivity of natural objects based on the Planck function and the Stefan-Boltzmann law, and discusses the magnitude of the errors involved.
[40] The results show that using the individual narrowband emissivity in one band instead of the broadband emissivity results in large errors of up to 100 W m
À2
. A method to calculate broadband emissivity from MODIS narrowband emissivities in the thermal infrared region is proposed. One-hundred-thirty spectra of surface spectral emissivities in the 3.0-to 14-mm region of the MODIS UCSB Emissivity Library (http://www.icess.ucsb.edu/ modis/emis/html/em.html) of the MODIS LST group at UCSB and 182 spectra of mineral samples in the 2-to 25-mm spectral region from Salisbury et al. [1991] were selected to compute the formula, which can be used to calculate broadband emissivity in the entire TIR spectral region from the narrowband emissivities of the MODIS bands in the thermal infrared region. With the calculated broadband emissivity, the surface long wave emission can be calculated with an accuracy better than 6 W m
, a standard deviation of 1.22 W m
, and a maximum error of 6.05 W m À2 (not considering the uncertainty associated with the MODIS LST/emissivity products themselves) when the surface temperature varies between 240 K and 330 K.
[41] The satellite estimated broadband emissivity was compared with 3-year (January 2001 to December 2003) ground-based measurements of emissivity at Gaize (32.30°N, 84.06°E, 4420 m) on the western Tibetan Plateau. The results show that the broadband emissivity calculated from MODIS narrowband emissivities by this method agrees with the ground measurements quite well, with a standard deviation of 0.0085 and a bias of 0.0015.
[42] This is a preliminary study in this field. More ground-based measurements over different landcovers are needed for its wider acceptance and use in the future. However, most available ground-based measurements are not useful as validation data because of their small scale and low accuracy. The surface heterogeneity aggravates this problem. It should be noted that the accuracies of the MODIS LST and emissivities will be improved in the future and that the narrow-to-broad band conversion itself is important to calculate surface long wave radiation and is independent of the accuracy of the MODIS LST product. 
